Heavy metals are discharged into water from various industries. They can be toxic or carcinogenic in nature and can cause severe problems for humans and aquatic ecosystems. Thus, the removal of heavy metals from wastewater is a serious problem. The adsorption process is widely used for the removal of heavy metals from wastewater because of its low cost, availability and eco-friendly nature. Both commercial adsorbents and bioadsorbents are used for the removal of heavy metals from wastewater, with high removal capacity. This review article aims to compile scattered information on the different adsorbents that are used for heavy metal removal and to provide information on the commercially available and natural bioadsorbents used for removal of chromium, cadmium and copper, in particular.
INTRODUCTION
The heavy metals of most concern from various industries include lead (Pb), zinc (Zn), copper (Cu), arsenic (As), cadmium (Cd), chromium (Cr), nickel (Ni) and mercury (Hg) (Mehdipour et al. ) . They originate from sources such as metal complex dyes, pesticides, fertilisers, fixing agents (which are added to dyes to improve dye adsorption onto the fibres), mordants, pigments and bleaching agents (Rao et al. ) . In developed countries, legislation is becoming increasingly stringent for heavy metal limits in wastewater.
In India, the current maximum contaminant level (ppmmg/mL) for heavy metals is 0.05, 0.01, 0.25, 0.20, 0.80, 0.006, 0.00003, 0.050 for chromium, cadmium, copper, nickel, zinc, lead, mercury and arsenic, respectively (Gopalakrishnan et al. ). Various treatment technologies employed for the removal of heavy metals include chemical precipitation, ion exchange, chemical oxidation, reduction, reverse osmosis, ultrafiltration, electrodialysis and adsorption (Fu & Wang ) . Among these methods, adsorption is the most efficient as the other techniques have inherent limitations such as the generation of a large amount of sludge, low efficiency, sensitive operating conditions and costly disposal. The adsorption method is a relatively new process and is emerging as a potentially preferred alternative for the removal of heavy metals because it provides flexibility in design, high-quality treated effluent and is reversible and the adsorbent can be regenerated (Fu & Wang ) . The specific sources of chromium are leather tanning, electroplating, nuclear power plants and textile industries. Chromium(VI) is an oxidising agent, is carcinogenic in nature and is also harmful to plants and animals (Barnhart ) . Exposure to chromium(VI) can cause cancer in the digestive tract and lungs, epigastric pain, nausea, severe diarrhoea, vomiting and haemorrhage (Mohanty et al. ) . Although chromium can access many oxidation states, chromium(VI) and chromium (III) are the species that are mainly found in industrial effluents (Mohan & Pittman ) . Chromium(VI) is more toxic than chromium(III) and is of more concern (Al-Othman et al. ). The United States Environmental Protection Agency (USEPA) has set the maximum chromium levels in drinking water at 0.1 ppm. The USEPA has classified cadmium as a human carcinogen and it is known to cause deleterious effects to health and bone demineralisation either through direct bone damage or as a result of renal dysfunction (Fu & Wang ) . The major sources of cadmium include metal refineries, smelting, mining and the photo- (Borba et al. ) . Zinc is essential for human health but large quantities of zinc can cause skin irritation, stomach cramps, vomiting and anaemia (Oyaro et al. ) . Similarly, lead is harmful to human health and can damage kidney, liver, reproductive system and brain functions (Naseem & Tahir ) . Mercury is also harmful and it is a neurotoxin that can affect the central nervous system. If it is exceeded in concentration it can cause pulmonary, chest pain and dyspnoea (Namasivayam & Kadirvelu ) . Arsenic can cause skin, lung, bladder and kidney cancer, muscular weakness, loss of appetite, and nausea (Mohan & Pittman ) .
Due to stringent regulations for heavy metals, their removal has become a serious environmental problem.
This review surveys the various commercially available adsorbents and natural biosorbents used over the past decades for the removal of chromium, cadmium and copper ions from wastewater. Commercial adsorbents are those adsorbents which are produced commercially on a large scale, such as activated carbon, silica gel, alumina, etc., however they are costly. Natural bioadsorbents are those obtained from biological material and are comparatively cheap. However, cost analysis is an important criterion for selection of an adsorbent for heavy metal removal from wastewater. The cost of the adsorption process depends on the cost of the adsorbent. For instance, the cost of commercial activated carbon is Rs. 500/kg; however, the cost of bioadsorbents is in the range of /kg, which is much less as compared to the commercial adsorbents (Gupta & Babu ) . A comprehensive approach has been followed to cover all significant work done in this field to date, and a final evaluation has been made on the most efficient adsorbent(s) to date. of 5. This adsorption of chromium on graphene oxide was found to be endothermic and spontaneous. Gopalakrishnan et al. () have also oxidised graphene for the addition of ÀCOOH, ÀC¼O and ÀOH functional groups onto the surface using a modified Hummer's method (Hummers & Offeman ) . The novelty of their work is that only 70 mg of graphene oxide has been utilised for 100% removal of chromium from wastewater effectively at an optimum pH of 8. Graphene composite materials have been developed by a number of authors for the removal of heavy metals. Li et al. () functionalised graphene oxide with magnetic cyclodextrin chitosan for the removal of chromium since magnetic cyclodextrin chitosan has favourable properties such as high adsorption capacity and magnetic property which assists in the separation process. Guo et al. () functionalised graphene with a ferro/ferric oxide composite for chromium removal with a maximum adsorption capacity of 17.29 mg/g which is higher as compared to the adsorption capacity of other magnetic adsorbents, such as 
Activated carbon
Modern industries began production of active carbon in 1900-1901 to replace bone char in the sugar refining industry (Bansal et al. ) and powdered activated carbon was first produced commercially in Europe in the early 19th century, using wood as a raw material (Mantell ) . Activated carbon can be obtained from any material which has high carbon content. Activated carbon is a good adsorbent for chromium removal because it has a well-developed porous structure and a high internal surface area for adsorption (Anirudhan & Sreekumari ) . However, because coalbased activated carbon is expensive, its use has been restricted and further efforts have been made to convert cheap and abundant agricultural waste into activated carbon (Anirudhan & Sreekumari ) . Activated carbon is now prepared from various agricultural wastes such as rubber wood sawdust (Karthikeyan et al. ) , moso and 
Modified sugarcane bagasse
Sugarcane bagasse is a by-product of agricultural wastes that consists of cellulose (50%), polyoses (27%) and lignin (23%).
Due to these biological component polymers, sugarcane
bagasse is rich in hydroxyl and phenolic groups and these groups can be chemically modified to improve adsorption capacity (Ngah & Hanafiah ) . Sugarcane bagasse is obtained from the fibrous material left after cane stalk crush- Table 6 summarises the reported use of sugarcane bagasse as an adsorbent for chromium removal.
Modified wheat bran
Wheat bran is an agricultural by-product which can be used for the removal of heavy metals and is obtained from the shell of flour mill wheat seeds. It is economically viable, biodegradable and consists of many nutrients such as protein, minerals, fatty acids and dietary fibres (Kaya et al. ). It has various organic functional groups with a surface area of 441 m 2 /g and a fixed carbon content of 31.78% (Singh up to 90% at pH 2 and the maximum adsorption capacity was reported to be 4.53 mg of Cr(VI)/g and 5.28 mg of Cr(VI)/g at pH 2.2, without and with modification, respectively. Table 7 summarises the reported use of modified wheat bran as an adsorbent for chromium removal.
Modified coconut waste
Coconut waste is also used as an adsorbent for chromium obtained with this material was reported as being higher than 90% at an optimum pH of 2 and the maximum adsorption capacity was 76.3 mg/g. This was higher than the 
Chitosan
Chitosan is a derivative of the N-deacetylation of chitin which is a naturally occurring polysaccharide obtained from Mg-modified adsorbent has a cadmium removal of more than 98% at an optimum pH of 7. In addition, the adsorption capacity of Mg-zeolite was found to be 1.5 times higher than that of zeolite modified with Na or K and 1.5 to 2.0 times higher than that of natural zeolite.
Coal, which is used in many industries as a fuel, pro- hydroxide. These researchers reported that this product has high surface area and is rich in micropores and demonstrates more than 80% cadmium removal at an optimum pH of 7-8. Table 14 summarises the removal parameters for the sequestering of cadmium using zeolite.
Red mud
Red mud is a waste material from the aluminium industry that may be converted into an efficient adsorbent for cadmium removal from waste water (Gupta & Sharma ) . Red mud has the advantage of being cheap and available and possesses a high capacity for cadmium removal; however, it also has some disadvantages including the difficulty of dealing with the wastewater produced during red mud activation before application, and regeneration/recovery of red mud is difficult after application ( and reported an adsorption capacity of 9 mg/g. It was also found that an increase in temperature increases the equilibrium adsorption which suggests that this adsorption process is endothermic in nature.
Bio-adsorbents for the removal of cadmium

Coffee residue
Coffee residue has been reported as an efficient adsorbent for the removal of cadmium from wastewater. For example, prepared activated carbon from carbon aguaje and olive fruit stone using phosphoric acid solution, and a maximum adsorption capacity of 8.14 mg/g and 9.01 mg/g and a removal capacity of 61% and 68% was obtained for aguaje and olive fruit stones, respectively. Hamdaoui () 
Modified coconut waste
Seven and a half million tons of coconut per year is produced in India alone and the waste by-products have been used as adsorbents for cadmium removal (Chadha ). to be 37.78 mg/g and for the multicomponent system (presence of lead, nickel, zinc and copper along with cadmium), 11.96 mg/g at pH 5. Table 19 presents cadmium removal data for modified coconut waste as an adsorbent.
Commercially available adsorbents for copper removal from wastewater
Magnetic adsorbents
Various magnetic adsorbents have been used or show potential for the effective removal of copper from wastewater, including 'magnetic' adsorbent micro-and nanosized particles (Yin et al. ) . These latter adsorbents It was also shown that this adsorbent can be reused up to five times with a regeneration loss of 14-15%. Lan et al.
() used hyaluronic acid supported magnetic microspheres for copper removal, and their adsorption capacity is reported to increase from 6 mg/g to 12.2 mg/g as the pH is increased from 2 to 6.8, and slowly decreases to 11.6 mg/g up to pH 8. The corresponding adsorption equilibrium study showed that the copper adsorption of the hyaluronic acid-supported magnetic microspheres had the best fit to the Freundlich isotherm model. Gong et al. () used Streptomyces lumalinharesii for copper removal from wastewater and a removal of 81% was reported at an optimum pH of 5 with best fit to the Freundlich model. removal. Nakajima () studied removal of copper using Arthrobacter nicotianae bacteria from wastewater by electron spin resonance method, and found that copper ions present in bacterial cells are of octahedral structure with nitrogen and oxygen as ligand atoms and most copper in bacterial cells is combined with amino acid residues present in cell surface protein. Table 23 summarises the removal parameters for the sequestering of copper using bacteria as an adsorbent.
FACTORS AFFECTING ADOPTION OF HEAVY METALS
There are many factors which affect heavy metal removal efficiency of adsorbents from wastewater. These factors are initial concentration, temperature, adsorbent dose, pH, contact time and stirring speed. Heavy metal removal per cent increases with increase in initial concentration, temperature, adsorbent dose, contact time and stirring speed (Sahu et al. ). 
FUTURE PERSPECTIVE AND CHALLENGES IN REMOVAL OF HEAVY METALS
In this review paper, the bioadsorbents used for removal of chromium, cadmium and copper are low cost adsorbents and are beneficial replacements for commercially available adsorbents. In some studies, removal efficiency of adsorbents for heavy metal removal from wastewater has been reported to increase after modification. However, less work has been carried out in this direction. Hence, our future perspectives are to increase removal efficiency of bioadsorbents after modification (at minimum requirements of acid, bases and heat), regeneration of adsorbents, recovery of metal ions and application of bioadsorbents at commercial level. The challenge in heavy metal removal from wastewater is that it may require large amounts of bioadsorbents and extra chemicals to maintain a pH that provides suitable conditions for adsorption.
CONCLUSIONS
This review shows the potential of commercial and agricultural adsorbents for the removal of chromium, cadmium and copper from wastewater. A wide range of adsorbents has been studied for removal of heavy metals from wastewater.
A few adsorbents that stand out for their maximum adsorption capacities are: graphene sand composite (2,859.38 mg/g), composite of carbon nanotubes and activated alumina (264.5 mg/g), PEI functionalised eggshell (160 mg/g) for chromium, chitosan/TiO 2 composite (256.41 mg/g), chitosan-coated ceramic alumina (108.7 mg/g), α-ketoglutaric acid-modified magnetic chitosan (201.2 mg/g), electrospun nanofibre membrane of PEO/chitosan (248.1 mg/g), NaX nanozeolite (838.7 mg/g), green coconut shell powder (285.7 mg/g), succinic anhydride modified olive stones (200 mg/g) for cadmium, green coconut shell powder (285.7 mg/g), Paenibacillus polymyxa bacteria (1,602 mg/g) for copper. Further, optimum values of parameters such as pH, contact time and adsorbent dose were also compared for chromium, cadmium and copper removal from wastewater. It was found that the optimum value of pH is in the range of 1-2 for chromium, 4-7 for cadmium and 4.5-6 for copper. Similarly, the optimum value of contact time for maximum removal is in the range of 120-9,900 minutes for chromium, 5-120 minutes for cadmium and 120 minutes-12 hours for copper. However, the optimum value of adsorbent dose is in the range of 0.75-10 g/L for 
